Two experiments were conducted to determine the effect of nutritional status, age at weaning and room temperature on growth and immune response of pigs. In the first experiment, 72 pigs were weaned at either 2 or 3 wk and fed either a complex, simple-adequate or simple-inadequate diet for a 24-d period. Total antibody (TAb) titers in response to injections of human red blood cells (RBC) on either 0, 4 or 16 d postweaning were not affected by age at weaning or dietary treatments even though the nutritional status was compromised to such an extent that pigs fed the simple-adequate diet gained at one-half the rate (.172 vs .349 kg/d) of pigs fed the complex or simple-adequate diets (P<.01). In Exp. 2, the immunological response of 144 pigs weaned at 3 wk were evaluated at 4 and 8 d postweaning. Pigs were weaned into rooms that averaged either 25 or 18 C, and were fed either a complex or simple-adequate diet at either ad libitum (AL) or restricted (Res) levels for a 24-d period. Restriction of either the complex or simple diet for the first 16 d of the trial drastically reduced (P<.01) the growth rates of Res pigs compared with AL pigs (.042 vs .236 kg/d). There were no differences in skinfold thickness (Sf) or TAb, 2-mercaptoethanol sensitive (ME s) and resistant (ME r) antibody titers when pigs were inoculated with phytohemagglutinin-P (PHA-P) or RBC at 4 d postweaning regardless of room temperature, diet source or feeding level. When inoculated at 8 d postweaning, TAb and ME r titers of Res fed pigs were increased (P<.01) compared with AL fed pigs regardless of room temperature or dietary source. The TAb titers (log 2 ) were 6.25 and 8.0; ME r titers were 2.18 and 3.05 for AL and Res pigs, respectively. These results suggest that neither severe growth restriction due to alteration of the nutritional status of 2-or 3-wk-old pigs nor cold (18 C) room temperatures were detrimental to the humoral or cell-mediated systemic immunological response of the early weaned pig.
Introduction
Three-week-old pigs fed a milk replacer diet gained faster over an 8-d period in either 28.3 or 10 C environment and had fewer diarrhea days than pigs fed a 22% protein corn-soybean diet (Armstrong and Cline, 1977) , although the lower temperature increased the incidence of diarrhea in pigs fed either diet. While stressors are known to reduce the level of circulating antibodies and suppress cell-mediated immunity, rnoderately low temperature may increase antibody levels by increasing cAMP production and 1 Dept. of Meat and Anita. Sci. Paper No. 986 . Research supported by the College of Agr. and Life Sci., Univ. of Wisconsin-Madison. 2Appreciation is expressed to Duane Gangwish and Buell Gunderson for care of experimental animals, to Sandra Sanders for assistance with laboratory analysis and to Julie Busby for preparation of the manuscript.
Poult. Sci. Dept. Received August 1, 1985 . Accepted August 5, 1986 protein synthesis (Siegel, 1985) . However, Furuuchi and Shimizu (1976) observed an increased susceptibility to transmissible gastroenteritis in baby pigs exposed to cold (8 to 12 C) stress. When compared with nonweaned littermates, 2-and 3-wk-old weaned pigs were immunosuppressed, while no differences were observed in the immunocompetency of weaned and nonweaned pigs at 5 wk of age (Blecha et al., 1983) . During the adaption of the early-weaned pig to a new environment, changes in temperature and sources of nutrients may interact with the suppressed nutritional status created by the lack of feed consumption to predispose the pig to disease.
Because the early-weaned pig does undergo a period of starvation immediately postweaning (Bark et al., 1986) , and may be exposed to adverse environmental temperatures, the experiments reported herein were designed to determine the effects of nutritional status, age at weaning and room temperature on systemic immunocompetency of pigs.
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Methods
Two experiments, 24 d in length and initiated at weaning, were conducted to determine the effect of nutritional status, age at weaning and room temperature on growth and systemic immune response of weanling pigs. Pigs were housed at the University of Wisconsin Swine Research Center in nursery rooms with 24 1.5-X .9-m pens with woven-wire flooring. Three pigs were assigned to each pen.
Exp. I. Seventy-two pigs were utilized to determine the effect of nutritional status and age at weaning on growth and total antibody titers (TAb) of weaned pigs. Pigs were randomly allotted to one of three dietary treatments in blocks based upon age and initial weight. Dietary treatments included offering ad libitum access following weaning to either a complex, simple-adequate or simple-inadequate corn-soybean meal based diet. The composition of each diet is shown in table 1. The complex and simpleadequate diets were formulated to provide nutrient levels that met or exceeded minimal requirements for 5-to 10-kg pigs (NRC, 1979) , with the source of nutrients being the major difference. In the complex diet, major ingredients were of both animal and plant origin, while in the simple-adequate and simple-inadequate diets major ingredients were of plant origin. The simple-inadequate diet was formulated to contain only 14% crude protein, and was included as a negative control to provide an assessment of the immune response of pigs with a compromised nutritional status. Initial age blocks were either 2 (16 + 0 d) or 3 (20.3 + 1.4 d) wk. Within each age block, pigs were assigned to pens based upon initial weight. Initial weight groups for pigs weaned at 2 wk averaged (+ SE) 4.2 -+ .10 and 5.2 + .04 kg, while initial weight groups for pigs weaned at 3 wk eprovides the following antibiotics per kg of diet: chlortetracycline, 110 mg; sulfamethazine, 110 mg; penicillin, 55 rag. averaged 5.7 + .07 and 6.4 + .20 kg. Ad libitum access was provided to feed and water throughout the 24-d trial. Pig weights and feed consumption were determined every 4 d. One pig from each pen was injected intravenously with 1 ml of a 10% v/v solution of washed human red blood cells (RBC) on either d 0, 4 or 16 of the trial to access humoral systemic immune response. At each of the three injection periods, the RBC a solution was prepared fresh from a common stock of RBC stored refrigerated in Alsever's solution (Alsever and Anslie, 1941) . The 10% RBC solution was prepared following three washings of the centrifuged RBC pellet with the phosphate buffered saline (PBS, g/ liter = NaC1, 8 ; KC1, .2 ;KH2 PO4, .2 ; Na2 HPO4 ~ 12H2 O, 2.9) solution. Prior to injection and 8 d after the injection of the RBC solution, approximately 5 ml of blood were collected from each pig and the serum used to determine TAb titers. Pigs from the first group (injected on d 0 postweaning) were bled every 2 d to determine the number of days required for maximum TAb response to RBC injections; TAb titers were determined as described for Exp. 2.
Exp. 2. One hundred forty-four pigs were utilized to evaluate the effects of nutritional status and room temperature on the immune response of 3-wk-old pigs. Pigs were randomly assigned to one of eight treatments arranged in a 2 • 2 • 2 factorial. Factors involved room temperature (25 or 18 C), dietary source (complex or simple-adequate) and level of feeding (ad libitum or restricted). Six replicates (pens) with three pigs per replicate were assigned to each treatment. Room temperature was controlled by thermostatic adjustment of the unit heater located within each room, without alteration of the negative pressure ventilation system. Each room was equipped with a minimum exhaust fan rated at 425 cfm and an air distribution tube to maintain the uniformity of air throughout the room. Because no artifical method to 4 Red blood cells were obtained from blood collected from the senior author via venipuncture into bottles containing Atsever's solution with the assistance of technicians at the University of Wisconsin Hospital Clinical Laboratory. Sheep red blood cells were not utilized because of the potential introduction of pathogenic organisms into the specific pathogen-free herd at the University of Wisconsin Swine Research Center. This procedure also provided a consistent source of antigen between the two trials.
cool the air was utilized, the lower temperature was maintained by inlet air. Normal and maximum exhaust fans were adjusted to engage if room temperature increased 2.8 C above the desired temperature. Chart recorders with the thermistor located at pig level were used to continuously record temperature. Temperature recordings at each hour were utilized to determine the average daily temperature for the 24-d trial. The composition of the complex and simple-adequate diet (table 1) On d 4 of Exp. 2 one pig from each pen was injected intravenously with 1 ml of a 10% v/v RBC solution prepared as in Exp. 1 to access humoral systemic immune response. On d 8 the remaining two pigs in each pen were injected with the RBC solution. Blood was collected prior to injection and 8 d post-injection for the determination of serum TAb, 2-mercaptoethanol sensitive (ME s) and 2-mercaptoethanol resistant (ME r) titers, as described below. At the same time pigs were injected with RBC, intradermal injections of .5 ml sterilized PBS (left flank) and .5 ml (500 #g/ml) phytohemagglutinin-P (PHA-P) in a PBS solution (right flank) were administered to access cell-mediated systemic immune response. Prior to intradermal injections and at 17 h post-injection, double skinfold thickness measurements were made using a dial caliper. A preliminary trial revealed peak response to PHA-P mitogen between 13 and 18 h (figure 1). Because 17 h has been used (Cook and Springer, 1983 ) in chicks as a stan- Figure 1 . Change in skinfold thickness in response to injection with a mitogen (PHA-P). Pigs were given intradermal injections of .5 ml phosphate buffered saline in the left flank and .5 ml (500 flg/ml) of PHA-P in the right flank. Double skinfold thickness measurements were made at 3-h intervals and the change in double skinfold (SF) thickness determined as described in the text. Each mean • SE represent the average of 11 pigs.
dard time, changes in skinfold thickness were determined at 17 h. Response to the mitogen PHA-P, which has been shown to reflect cellmediated immunity (Goto et al., 1978) , was determined based upon changes in double skinfold (Sf) thickness from time 0 (Sf0) to time 17 (Sf17). Corrections also were made for any response due to injection of PBS. Skinfold thickness was calculated as follows: (Cook and Springer, 1983 ) Sfmm = (Sf17-Sf0 of PHA-P injected flank) -(SflT-Sf0 of PBS injected flank).
Serum Antibody Levels. Serum TAb titers, 2-mercaptoethanol sensitive (ME s) titers and 2-mercaptoethanol resistant (ME r) titers were determined by a microtiter hemagglutination assay, as modified by Blecha and Kelly (1981) . Serum ME r and ME s titers are generally accepted to represent IgG and IgM (lgA titers are negligible) titers, respectively (Delhanty and Solomon, 1966; Blecha and Kelly, 1981) . Briefly, the assay involves the serial, two fold dilution of 50 /al pig serum in PBS in microtiter plates following a 1-h incubation at 37 C. Following the incubation, 50 #1 of .5% v/v RBC were added to each well in the microtiter plate and allowed to react for at least 3 h at room temperature. Total antibody titers (log2) were determined as the reciprocal of the highest dilution of serum in which visible hemagglutination occurred. Titers are expressed as log 2 because two-fold dilutions were used in assay protocol. The ME r titers were determined by initially incubating serum with 50/zl of .2 M 2-mercaptoethanol rather than PBS; ME s titers were calculated as the difference between TAb and ME r titers.
Statistical Analysis. In Exp. 1 differences due to dietary treatments, age at weaning, weight groups and the appropriate two-way and three-way interactions were tested using analysis of variance procedures for a three-way cross-classified randomized complete block design using the General Linear Model procedure of SAS (SAS, 1982) . For gain and feed intake data, the pen was the experimental unit. Analysis of TAb titers for pigs at 0, 4 and 16 d utilized pen and the appropriate factors in the cross-classified design as the main plot unit, while time (0, 4 and 16 d) was analyzed as a subplot unit in a split-plot design. Orthogonal contrasts were used to test for differences between adequate (complex and simple) and inadequate (14%) diets, and between the complex and simple diet. In Exp. 2 the response to room temperature, dietary source and level of feeding as well as the two-way and three-way interactions were tested using analysis of variance procedures for a 2 x 2 x 2 factorial arrangement of treatments (SAS, 1982) . Differences in gain, feed intake, serum antibody titers and skinfold thickness measurements were based on pen averages.
Results
Exp. 1. As expected, pigs weaned at 3 wk gained faster (P<.01), consumed more feed (P<.01) and utilized the feed more efficiently (P<.01) than pigs weaned at 2 wk (table 2) . There were no differences between the gain, feed intake or feed efficiency of 3-wk-old pigs fed either the complex or simple-adequate diets; however, 2-wk-old pigs fed the complex diet gained at a faster rate (.338 vs .250 kg/d) and consumed more feed (.558 vs .405 kg/d) than 2-wk-old pigs fed the simple-adequate diet (P<.05). Part of the difference in performance of 2-wk-old pigs fed the complex and simpleadequate diets might be attributed to differences in dietary lysine levels (see footnote a, table 1). There was a difference in the feed efficiency of 2-wk-old pigs fed either the complex or simple-adequate diets, which suggests that the difference in gain was due to a lack of feed intake rather than a deficiency of lysine. Pigs fed the simple-inadequate diet grew at less than one-half the rate (P<.01) of pigs fed the aMeans pooled across weight groups within each age and diet subclass were based upon four pens (three pigs/ pen). One 2-wk-old pig fed the simple-inadequate diet in the heavy weight group died while being bled. (table 3) . Even pigs that were severely restricted in growth by feeding the simple-inadequate diet had TAb titers similar to pigs that maintained acceptable growth rates when fed the complex and simpleadequate diets. Neither the interaction of age and diet nor the interactions of days postweaning with age or diet was significant.
Exp. 2. Average daily room temperature
based upon the average of 24 hourly readings from a continuous chart recorder are presented in figure 3 . Twice during the first week of the trial the unit heater in the 25-C room malfunctioned, resulting in a decrease in room temperature. During the last week of the trial the outside air temperature increased, which resulted in an increase in room temperature, especially in the 18-C room. Overall, however, pigs were maintained in rooms that differed approximately 7 C during the first 16 d of the trial.
Over the 24-d trial, pigs in the 25-C room gained at a slightly faster rate (P<.05) than pigs in the 18-C room (.297 vs .267 kg/d), although TAb Titer, log 2
Days Post-inj ect ion CValues represent the number of twofold dilutions of pig serum required to prevent hemagglutination of RBC.
there was no significant difference in feed intake (.431 vs .431 kg/d) due to room temperature (table 4) . Pigs in the 25-C room utilized feed more efficiently (P<.05) than pigs in the 18-C room (1.44 vs 1.64). Restriction of feed intake for the first 16 d of the trial resulted in a 60 to 70% reduction in fed consumption compared with the amount of feed consumed by AL pigs and increased, especially for pigs in the 18-C room, the feed-to-gain ratio. Because the level of restriction (50%) was based upon the amount of feed consumed per kilogram of body weight of pigs fed ad libitum in Exp. 1, the actual restriction was greater than 50% because of differences in body weight over the course of the restriction period (16 d aEach value represents the average of six pens. All pens had three pigs, except one pig in the 18-C room fed the complex diet died while beingbled and two pigs in the 18-C room restricted-fed the simple diet died of apparent starvation. Average initial weight was 5.3 • .18 kg.
bAL=ad libitum, Res=restricted.
CDifferences due to room temperature (P<.05). dDifferences due to feeding level (P<.01).
eDifferences due to an interaction between diet and feeding level (P<.05).
fDifferences due to an interaction between room temperature and feeding level (P<.05). As with 3-wk-old pigs in Exp. 1 there were no differences between the growth rate of AL pigs fed the complex or simple-adequate diet. There was also no significant interactions for gain or feed intake between room temperature and diet.
At 4 d postweaning there were no differences in Sf or TAb, ME s or ME r titers due to room temperature, dietary source or level of feeding (table 5) . Pigs injected 8 d postweaning and maintained in rooms at 25 C tended (P<.l) to have a greater change in Sf (2.78 vs 2.35 mm) than pigs maintained at 18 C. However, the trends for a difference in Sf due to room temperature can be attributed to differences in Sf thickness between Res pigs maintained at 25 C and fed the simple diet and Res pigs maintained at 18 C fed the complex diet (3.18 vs 1.92). Thus restricting a simple diet to pigs in a 25-C room appears to increase cell-mediated immunity, while restricting a complex diet in an 18-C room appears to decrease cell-mediated immunity. The three-way interaction between room temperature, diet and feeding level was not significant. The TAb and ME r titers of pigs injected at 8 d postweaning did not support the response observed with Sf thickness of pigs fed the complex diet in an 18-C room (table 5) . Restriction of feed increased (P<.025) both the TAb and ME r titers of pigs challenged 8 d postweaning regardless of room temperature or the type of diet. For pigs injected 8 d postweaning, TAb titers were 6.25 and 8.0, while ME r titers were 2.18 and 3.05 for AL and Res pigs, respectively. Restriction of feed tended (P<.01) to increase ME r titers above titers of AL pigs to aEach value represents the average of six pens. Prior to injection of RBC, ME s titers were .41 + .14 and 1.0 + .14 for d 4 and 8, respectively, while ME r titers were 0 + 0 and .04 + .03 for d 4 and 8, respectively. bAL=ad libitum, Res=restricted.
CDifference due to feeding level (P<.025). a greater extent when pigs were maintained at 18 C than at 25 C. In the 25-C room, ME r titers were 2.2 and 2.6 for AL and Res pigs, respectively, while in the 18-C room ME r titers were 2.2 and 3.6 for AL and Res pigs.
Discussion
Overall, the results suggest that the humoral and cell-mediated systemic immune responses of the pig as measured in this study were not detrimentally affected by either early weaning, restriction of feed intake, diets with different sources or levels of nutrients, or even environmental temperature. Each of these factors did affect growth to various extents. However, the factor that was the most detrimental to growth (restricted feed intake) actually caused an increase in TAb and ME r immune response, which contradicts earlier work (Nalder et al., 1972) that reported a proportional decrease in antibody production in rats as nutritional status declined. The suggestion that these factors did not compromise the immune status of earlyweaned pigs and thus increase the susceptibility of the pigs to disease is contradictory to the observed performance of early-weaned pigs exposed to these adverse factors in practical production systems. Furuuchi and Shimizu (1976) and Armstrong and Cline (1977) have reported increased susceptibility of weaned pigs to disease when exposed to cold and(or) nutritional stressors. However, in addition to our results, Blecha and Kelly (1981) have reported that cold exposure (0 vs 25 C) for 4 d increased TAb and ME r titers in both 21-and 35-d-old pigs. Possible explanations for the conflict between the reported results and the response often observed in practical production systems include: 1) all pigs in the preceding experiments were immunosuppressed to such an extent that differences could not be detected, 2) the measurements utilized to assess immune response (antibody titers to RBC and skinfold thickness) are inadequate and do not reflect the susceptibility of pigs to disease or 3) none of the factors studied actually affects immunity, but other factors in practical production systems compromise immunity or possibly interact with these factors to compromise immunity.
Both experiments reported herein were conducted with pigs at an age when antibody levels are known to be low. Blecha et al. (1983) suggested that weaning pigs earlier than 5 wk of age may compromise immunological response. Early work (Brown et al., 1961; Miller et al., 1962) is contradictory on the effect of weaning, but both papers support the concept that active production of antibodies did not occur until 3 wk of age. By 5 or 6 wk of age, antibody production increased 20-fold (Miller et al., 1962) . Haye and Kornegay (1979) reported an immunological response to sheep RBC in pigs as early as 10 d of age. Serum IgM and IgA levels had begun to increase after minimum levels were reached at 10 and 15 d, respectively, while IgG levels continued to decline over the first 30 d of life. When pigs were challenged with sheep RBC at 34 d of age, pigs that had been weaned at 21 d had higher TAb and ME s titers than pigs weaned at 35 d (Blecha and Kelly, 1981) . Compared with antibody titers prior to injection, our results show that 2-and 3-wk-old pigs did respond to a challenge of RBC. Thus differences in immunological response can be detected in the early-weaned pig.
Use of TAb titers in response to injections with RBC or changes in Sf thickness in response to intradermal injections of a mitogen have been used to assess immunological status of various species. Comparable responses have been observed between intraperitoneal injections of sheep RBC antigens and salmonella (Haye and Kornegay, 1979) and between intravenous injections of RBC and E. coli (Nathan et al., 1977) . As mentioned earlier, the results of Blecha and Kelly (1981) and our results, which both utilized an intravenous injection of an antigen, suggested that antibody production increased when pigs were exposed to a cold environment; results reported by Furuuchi and Shimizu (1976) and Armstrong and Cline (1977) both reported an increased susceptibility of pigs to disease when exposed to a cold environment. Procedures utilized in the latter reports involved an oral dosage of the antigen. The immunological response to injected antigens is based upon systemic antibody response, while an oral dose possibly involves both systemic antibody response and an immunological response in the gastrointestional tract. Ferguson (1982) suggested that .the immune system of the gastrointestinal tract (the gut-associated lymphoid tissue) may function separately from the systemic immune system. In view of the apparent conflict between changes in serum antibody titers and the actual response of pigs in practical production systems, an evaluation of the effects of nutritional status, age at weaning and temperature on the gut-associated lymphoid tissue could be justified, especially if one considers that the intestinal population of hemolytic E. coli, bactobacilli, bacteroidesclostridia and oxygen-tolerant anaerobes increased in pigs affected by postweaning scours (McAllister et al., 1979) .
Under practical production systems, other factors such as air velocity, temperature fluctuation, humidity, cleanliness of the environment and social stress due to overcrowding might interact with nutritional status and temperature to compromise the early-weaned pig. Growth of pigs in the experiments reported herein was altered to levels that might be found in practical production systems with management problems. Detrimental changes in the immunological status of these animals were not observed nor were there evidences of diarrhea or scours during either trial. Conditions were severe enough that two Res pigs in the 18-C environment died of apparent starvation (see footnote on table 4).
In conclusion, these results suggest that neither severe growth restriction due to alteration of the nutritional status of pigs weaned at 2 or 3 wk nor 18 C temperatures were detrimental to the systemic immunological status of the pig when the immune response was assessed by antibody titers to RBC or changes in skinfold thickness due to PHA-P injections.
